1. Introduction. -Progress in actinide materials science is based on sophisticated investigations of physical properties to understand the electronic structure and the chemical bonding in the actinide elements and compounds. For most of these investigations, samples with well defined structure and of known purity, in some cases single crystals of suitable size, are required.
The preparation of such greatly needed materials was planned in the frame of the Transuranium Institute's programme. This task involved :
-the purification to a suitable purity level of actinide isotopes, commercially available or recovered from waste processing ; -the preparation, identification and characterization of well defined monophased materials in a suitable form for physical property measurements.
Earlier experience on waste processing and purification of americium oxide [I, 21 had shown the great difficulty to reach high purity level with aqueous purifications processes. In addition, inconveniences like -high radiation exposure during the work in glove boxes, -high contamination risk for the prepared product during long and difficult processes, -large quantity of liquid waste produced to be reprocessed, are making the time consuming aqueous route inattractive.
On the other hand, pyrometallurgical processes producing metals via the vapour phase can yield high purity material [I, 31. Therefore, the processing concept shown on figure 1 was systematically developed and extended for application to the light actinide elements and their compounds : Pure metals are produced by pyrometallurgical processes, involving physical or chemical vapour transport, the preliminary aqueous purification step being reduced to the elimination of the few specific impurities which are not removed during the preparation and refining of the metal. The compounds are obtained by direct synthesis between the elements. 2. Preparation and refinement of actinide metals. -2.1 GENERAL. -There is no single, simple method for producing high purity metals, but a large number of methods exist for producing each of the individual elements. In order to be satisfactory, all fabrication processes should follow some general rules :
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-They should be feasible with a reasonable reaction rate.
-It should be possible to recover the desired metal in a single phase.
-It should also be possible to prevent contamination of the desired product by the environment (protective atmosphere or high vacuum for processing, handling and storage, prevention of crucible corrosion by liquid mCtals . . .).
-Where possible a step involving gas phase transport of the element should be used since this always results in a high decontamination factor.
METALLOTHERMIC REDUCTION OF HALIDES.
-The metallothermic reduction of the actinide halides (commonly fluorides) is thermodynamically feasible (Fig. 2) and was mostly used to prepare the actinide metals [4] .
This method shows some disadvantages :
-Very pure anhydrous actinide fluorides are difficult to prepare.
-Actinide fluorides are neutron emitters (a, n reaction) which increase radiation hazards.
-The metals produced can be contaminated by the reaction products, impurities of low vapour pressure and corrosion products of the crucibles. -Due to the preparation difficulties in the halide reduction process and because of the limitation of the oxide reduction process to the actinide metals of the highest vapour pressure, it was interesting to look for a metallothermic reaction system -applicable without restrictions to the production of A suitable reductant has to show the following all the actinide metals. characteristics :
The carbides constitute a very favourable system.
-The free energy of formation of the oxide is at -The actinide carbide can be prepared in a high least of the same order of magnitude as that of the purity level by carboreduction of the oxides. actinide oxide.
-The free energies of formation of some transi--The vapour pressure is several orders of ma-tion metal carbides are much greater than the free gnitude lower than that of the actinide metal (Fig. 4 ) energies of formation of the actinide carbides to prevent coevaporation.
( Fig. 5 ).
It follows from figures 3 and 4 that lanthanum is a good reductant for Am, Bk, Cf, Es in the temperature interval between 900 and 1 300 "C. To prepare Pu and Cm, thorium can be used at 1 800°C without risk of high contamination level.
Metals which could allow the metallothermic reduction of the oxides of Np, U, Th, Pa, do not exist. Attempts to prepare Np metal with thorium as reductant yielded alloys with more than 1 9% of thorium [9] .
The actinide oxides (Am, Cf, Cm, Ac) are mixed with freshly prepared La or Th turnings and pressed into pellets at 5 t/cm2. 
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These transition metals (for example Ta) are able to reduce the actinide carbides into metals (Table 11) according to the reaction Starting materials and tantalum carbide have such low vapour pressures that no vapour phase contamination is to be feared at temperatures as high as 2 500 "C.
Stoichiometric mixtures of finely divided oxide and graphite powder are pressed into pellets and heated in vacuum according to the reaction The pellets are radiofrequency heated at 2 000 O C in a graphite crucible. The partial pressure of CO is maintained below torr during the carboreduction. The carbide is mixed with 50 % excess of tantalum powder with respect to equation (1). The mixture is pressed at 5 t/cm2 and the pellets are radiofrequency heated in a tantalum crucible under a pressure of torr. The actinide metal vapour is condensed in quartz domes. Rate and yield of the reduction of UC and PuC by tantalum powder are shown in figure 6. They compare favourably with those of the metallothermic reduction of the oxides [3, 61. This new method of preparation of the actinide metals is very promising since :
-it is a universal method for preparation of the actinide metals via the vapour phase with optimum reaction rate and yield, -it might allow high purity material production starting from very impure material (waste). High 
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process depends on the vapour pressure ratio of the components. The simplified relative evaporation coefficient (y,/y, = 1) of some common impurities with respect to Am, Cm, U are presented in the figure 7 as a function of the temperature.
Very good decontamination efficiency can be reached for all impurities with exception of Ag in Am, and Fe, Cr, Ni, Si, Gd in Cm or Pu.
It follows from figure 7 (a (A, B) -, 1 with increasing temperature) that a selective evaporation has to be realised at the lowest possible temperature to minimize the coevaporation of the elements with low vapour pressure (a < 1). A selective condensation occurs at the highest possible temperature to allow the reevaporation of the elements with higher vapour pressure (a! > 1). Choice of experimental conditions requires a compromise between good separation efficiency on one side and high evaporation rate and good yield on the other. The refining of the actinide metals is performed in RF heated tantalum distillation columns in a vacuum of lop6 torr. The condensor with the metal obtained after the metallothermic reduction is introduced into the crucible.
With americium, evaporation rates of 100 mg/min were obtained at 1 100 "C. Cm was evaporated at 1 600 "C with a rate of 2 g/h. Condensation temperatures are for americium and curium 800 and 1 300 "C, respectively. The operation is repeated 2 or 3 times. For the last run, the condensor is replaced by a tantalum disk. The metal is condensed on the disk in the solid state and grows in the form of a button. At low evaporation rate, physical vapour transport and annealing yield single crystals. to obtain satisfactory preparation rates in the laboratory scale. For these metals, the application of another process was necessary. The van Arkel process (iodide process) is usually applied to the final purification of crude metals obtained by different procedures. The crude metal is transported as volatile iodide via the gas phase to a zone, hot enough (generally a resistively heated tungsten wire) to decompose the iodide into pure metal and gaseous iodine. The liberated iodine diffuses back to the crude metal and reacts to form new iodide sustaining the chemical transport process (transfer of the metal as volatile iodide from the feed material to the metal deposit).
The van Arkel process can be used for the direct preparation of metals if the starting materials react easily with the transporting agent at the process temperature. This is the case for thorium and protactinium carbide which can easily be produced by carbothermic reduction of the oxides and react easily with iodine at 300 "C to give volatile iodides.
Finely ground oxides (Tho, or Pa,O,) are mixed with graphite powder and are pelletized at 10 t/cm2. Th Pa Hot wire [ll] RF heating Hot wire [ll] RF heating
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The carboreduction is carried out in a R F heated graphite crucible under dynamic vacuum (lop4 torr) until the end of the CO evolution.
The carbide pellets (PaC or ThC) are sealed under a vacuum of torr in the van Arkel bulb (pyrex) with a quartz capillary containing the iodine. The van Arkel bulb is heated between 420 and 470 "C and the tungsten wire is maintained between 1 200 and 1 400 "C, dissociation temperature of the iodides. The hot wire technique allowed the preparation of very pure thorium and protactinium metal samples in quantities of the order of 200 mg. The wire is covered with very pure metal with pronounced crystalloid appearance. Preparation conditions and results are summarized in table I1 [lo, 111. Attempts to deposit larger quantities of metal by the hot wire method were not successful and resulted in the appearance of hot spots and breaking the wire after melting of the deposited metal. In addition, the very low growth rate does not make the process very attractive for the production of large samples. To obtain large samples of compact material it was necessary to modify the experimental set up. The new van Arkel bulb and its assembly are sembly are summarized in table 11. Samples of 6 g of thorium and 1.4 g of protactinium with large, well formed single crystal faces (Fig. 10) were grown with a rate of 100 mg/h. Large samples of compact material without tungsten nucleus are prepared by cutting the protactinium deposit with a low speed diamond saw, by vacuum melting of the metal or repeating the transport process using a small piece of heated protactinium metal to start the deposition.
The thorium and protactinium produced by the carbide-iodide process show a very high degree of purity resulting from the multiple purification steps :
-evaporation of volatile materials during the carboreduction (metals and oxides),
-difference of stabilities of the carbides in iodine vapour,
-difference of stabilities of the iodides at the deposition temperature, -volatilization of the metals at the deposition temperature.
Metallic impurities contained in the starting oxide which could contaminate the final product are U, Hf, Zr. shown in figure 9 . The decomposition of the iodide occurs on a small radiofrequency heated tungsten sphere. The absence of electrodes allows the fabrication of quartz ampoules which can be heated, if necessary, at higher temperatures with a quartz resistance furnace. Results obtained with this as- The first two methods produce small single crystals (0.1 to 500 mm3) presenting well developed natural faces. By pulling from the melt large cylindrical crystals can be obtained.
Crystals of dioxide (CeO,, T i 0 3 and of ternary oxides (PbTiO,) -as stand in for actinide compounds -were prepared by solvent evaporation and temperature gradient methods from solutions of dioxide in lead fluoride melts. Single crystals of uranium and thorium dichalcogenides (US,, Use,, ThS,, ThSe,, ThOS) were grown by chemical vapour transport using iodine as transporting agent. The feed material is introduced into a quartz capsule with the iodine. The capsule is evacuated and sealed under a pressure of lop6 tom. The transport of the dichalcogenides occurs in a temperature gradient of 50 "C/10 cm. The feed material is held at 900 OC, the crystals grow at 850 "C. A crystal of ThS, is shown in figure 11 . Uranium and neptunium dioxide single crystals were grown with TeC1, as transporting agent, prepared in quartz ampoules. The oxide feed pellets are heated at 1 075 "C and the crystals are grown at 975 "C [12] .
Attempts to prepare crystals of Tho, and PuO, by this process resulted in the strong corrosion of the quartz bulb. Attempts to prepare thorium pnictide single crystals by chemical vapour transport with I, and to prepare the monopnictides of uranium, thorium and protactinium by direct synthesis resulted in the attack of the walls of the quartz bulbs. The van Arkel procedure, however, permitted direct synthesis and crystal growth of actinide (U, Th, Pa) pnictides starting from the elements : films and small crystals of U3As4, UAs, USb,, U3Sb,, USb, Th3As,, ThAs, ThSb,, TkSb,, ThSb, PaAs,, Pa3As,, PaSb,, Pa3Sb4 were grown on an induction heated tungsten support C131.
4.
Characterization of samples. -The samples are characterized for composition and stoichiometry by standard analytical methods like gravimetry, coulometry, potentiometry , spectrophotometry .
The crystal structures and phase compositions are determined by X-ray diffraction methods (DebyeScherrer , Weissenberg).
The orientation of the crystals is given by the Laue diagram. Large contamination and crystal inhomogeneities are detected by scanning electron microscopy and by X-ray fluorescence (electron microprobe). TypicaI analyses of impurities at trace levels are obtained by emission spectroscopy and spark source mass spectroscopy. The acquisition of a plasma induced emission spectrometer and a secondary ion mass spectrometer will complete the spectrum of analytical facilities in the near future to permit a more complete characterization of each sample.
